Nowadays, geophysical prospecting is implemented in order to resolve a diversity of geological, hydrogeological, environmental and geotechnical problems. Although plenty of applications and a lot of research have been conducted in the countryside, only a few cases have been reported in the literature concerning urban areas, mainly due to high levels of noise present that aggravate most of the geophysical methods or due to spatial limitations that hinder normal method implementation. Among all geophysical methods, electrical resistivity tomography has proven to be a rapid technique and the most robust with regard to urban noise. This work presents a case study in the urban area of Chania (Crete Island, Greece), where electrical resistivity tomography (ERT) has been applied for the detection and identification of possible buried ancient ruins or other man-made structures, prior to the construction of a building. The results of the detailed geophysical survey indicated eight areas of interest providing resistivity anomalies. Those anomalies were analysed and interpreted combining the resistivity readings with the geotechnical borehole data and the historical bibliographic reports-referring to the 1940s (Xalkiadakis 1997 Industrial Archaeology in Chania Territory pp 51-62). The collected ERT-data were processed by applying advanced algorithms in order to obtain a 3D-model of the study area that depicts the interesting subsurface structures more clearly and accurately.
Introduction
In recent years, geophysical prospecting has been widely used for many applications in geotechnical and geo-environmental 3 Author to whom all correspondence should be addressed.
investigations (Stampolidis et al 2005 , Soupios et al 2007a , 2007b , 2007c , 2007d . The rapidity and effectiveness of the methods together with their non-destructive mode of implementation, proved them to be suitable and adequate. The application of geophysical methods is able to investigate, detect and determine soil properties, inhomogeneities of the subsurface, cavities, ancient relics and generally underground structures or bodies that have different physical properties from their geological surroundings (Aubert et al 1984 , Roka and Tsokas 1987 , Carrara et al 2001 . Note that factors such as the size and the depth of the target or the properties of the overburdened materials can constrain the applicability of the geophysical methods. The existence of active faults, failure surfaces, underground cavities, lateral transition of geological formations and ancient remains are some of the most common subjects of concern for construction engineers, besides the geotechnical parameters of the formations. Geophysical methods in cooperation with geotechnical investigations may be able to provide answers to those problems, and may even disclose several types of structures that typical geotechnical methods, like drills, or field investigation, might fail to detect (Soupios et al 2007a) .
In this case study, electrical resistivity tomography (ERT) was implemented in order to identify subsurface structures due to their different electrical properties. Furthermore, the ERT results have been correlated and calibrated with available geotechnical borehole data and historical bibliographic report data, providing a higher level of reliability on the interpretation and location of the underground structures.
Historical settings of the site
The study area is located in the urban environment of Chania city on Crete Island, Greece. It is a 90 m × 92 m area, hosting the central bus station of Chania Prefecture and two hotels (Omalos and Samaria Hotels) (figures 1 and 3). All geophysical measurements were acquired in the parking areas of the bus station and the Samaria Hotel as shown in figure 1(b) .
Until 1932 the study area was occupied by an olive oil press factory. During the Second World War the factory was bombed in 1941. After the end of the war, all the buildings were reconstructed and the olive oil industry started to operate again. The factory was finally abandoned during the 1970s, the buildings were gradually demolished and the use of the site changed.
According to the supervising engineer of the construction and based on an 1930s urban development plan (TOCP 1964) , the factory infrastructure consisted of two blocks of buildings, one in the southern and the other in the northern section of the square ( figure 1(b) ). Those buildings were used for the processing of the olives, the production of the oil and also for the storage of the products.
Beside the buildings, a chimney and two underground storage tanks were part of the infrastructure. In figure 1(b) , the circular structure near the passenger lounge points to the location of the chimney. Also, the two circular structures within the limits of the Samaria Hotel parking area point to the location or the access port to the underground olive oil storage tanks.
The remains of the buildings (foundations, underground tanks and pipes) are buried in earth-fills, under the parking area, providing possible geoelectrical targets for the subsurface investigation of the former industrial environment.
Geological and geotechnical settings
According to the geological map of Chania (IGME 1971) the upper layer of the study area consists of loose marly sandstones, composed of intercalations of sandy silts and silty/clayey fine calcareous sands. Based on numerous microfauna fossils, the age of those formations was determined to be Pliocene. The lower horizons are occupied by Miocene marls alternating with beds of marly sandstones and platey marly limestones. Those layers are compact and they occur in depths varying from 7 to 11 m, determined by the paleo morphological relief. The geotechnical parameters of the formations affecting the foundations of future constructions were investigated by continuous core sampling of three boreholes drilled down to 20 m depth. The samples were obtained along the entire length of the hole and SPTs (Standard Penetration Tests) were conducted at every change of the earth material. Moreover, falling head (MAAG) permeability tests were performed at selected depths in order to evaluate the hydraulic characteristics of the geological formations. The generalized soil profiles and geotechnical properties at these three boreholes, named B1, B2 and B3 ( figure 1(b) ) respectively, are presented in figure 2.
The geological section indicates man-made fills composed mainly of sand with gravel and occasionally by low to medium plasticity sandy clays reaching down to a depth of 2 m. This permeable and, mainly, non-compactable fill covers the foundations of the old olive oil press factory and composes the base of the asphalt paving of the bus station parking area.
At depths from 2 to 8.5 m intercalations of the above mentioned Pliocene formations were found. To be more precise, those depths are dominated by inorganic clays/silts of low to medium plasticity, sandy silt and silty/clayey fine sand (CL, SM and ML). The Standard Penetration resistance blow counts (N-values) in this layer were 10 to 26 blows per 0.3 m, indicative of a medium relative density. This compactable formation constitutes the foundation formation of the factory. The compressibility of the intercalated layers led to the consolidation of sections subjected to excessive loads possibly caused by the sections under the foundations of oil-tanks or warehouses.
The Miocene formations were located below 8.5 m and extended to a depth of 20 m. Based on the grain distribution analysis these formations consist of clayey sands, silty sands, poorly graded sands, sand/clay and sand/silt mixture (SC-SM, SM and SP) alternations. SPT blow counts in this layer are greater than 50 blows per 0.3 m, which correspond to a high density formation.
The soil classification of the samples and the SPT relations to the relative density of the geological formations have been characterized according to the Unified Soil Classification System (Casagrande 1948 , USBR 1953 , USAE 1953 and the Burmister Classification system (Burmister 1948) , respectively.
According to the falling head (MAAG) permeability tests, the mean permeability values of the Pliocene and the Miocene formations are 6.5E-08 m s −1 and 3.6E-06 m s −1 respectively. Also, based on the measurements conducted in the drills, the free underground water table level, during summer, was located 7.5 m below the surface. Note that, although the water table is close to the surface, water cannot be easily retrieved using wells since the permeability values are too low.
It should be mentioned that the geotechnical in situ survey by construction drills provides local and one dimensional information on the subsurface. Application of engineering geophysics, complementary to drills, improves the spatial data resolution by providing either 2D or 3D subsurface images of the study area. Thus, in order to accomplish the geotechnical data and to resolve any geological ambiguity, geophysical methods (electrical resistivity tomography and ground penetrating radar) were suggested and finally applied, in combination with the geotechnical methods, as appropriate additional exploration.
Note that this combination of geotechnical and geophysical methods is helpful in urban environments, because of the limited data provided by the typical geological surface survey.
Electrical resistivity survey (ERT)
In many cases, the ground cannot be resolved into plane homogeneous layers, as required for a VES (vertical electrical sounding) study, or into simple zones of lateral conductivity variation as required for profile interpretation. As a result, a combination of the two techniques is usually applied. ERT (Griffiths and Barker 1993 , Loke 1999 , Acworth 1999 , Tsourlos 1995 , Stummer et al 2004 , Wilkinson et al 2006 is one approach to this problem. ERT profiles can be measured either in two dimensions, with the assumption that minor variation exists in bulk material values in the third (normally the y) dimension, or in three dimensions. Two-dimensional application is routine and the field and interpretation procedures have been developed to the extent that the process is now as rapid as the one-dimensional sounding investigation (Tsourlos 1995) .
For imaging depths of about 30 m it is more convenient to use an electrode spacing of 5 m to 10 m, depending on the subsurface resistivity. Each electrode (all the combinations between the current and potential electrodes) is connected to a take out on the multicore cable which is connected to a manually or an automatically controlled switching box.
In this case, the electrical resistivity survey was planned and implemented, as it was proved to be the appropriate geophysical method, by taking into account the anticipated depth of investigation (usually constructions-1 or 2 floors basement buildings), the urban noise and the spatial dimensions of the investigated area (Roy 1972 , Orlando et al 1987 . The main purpose of the current work was to utilize geophysical methods for the determination of the geological and geotechnical characteristics of the subsurface in order to control and increase the safety of the future construction in the study area.
Note that the ground penetrating radar (GPR) method was also applied for confirmation of the resulted ERT images. Specifically, 64 GPR profiles were acquired in the space between the ERT profiles using a Pulse Ekko 1000 (Sensor & Software) acquisition system. For this survey, the 150 and 450 Hz antennas were selected, taking 32 stacks in each position and the measurements were spaced 0.25 m along the profile. Unfortunately the final processing proved that this method was not effective as the signals were noisy and the measurements were not providing any information. The reason for this problem was the high inhomogeneity of the subsurface since the area was filled with debris from the previous constructions and then covered with reinforced wired concrete. Finally, it was decided not to include the results of the GPR survey since there is no obvious contribution to the objectives of the study.
Data acquisition and processing
The geoelectrical data were collected using an IRIS-Syscal Jr. Switch 48 instrument and the dipole-dipole configuration was applied. The system features 48 electrodes, enabling fully automated measurements of the shallow subsurface apparent resistivity. This technique has the advantage of a very good horizontal resolution while its main disadvantage is the relatively low signal strength. Finally, during the current study, eighty four (84) geoelectrical profiles were measured. Sixty five (65) profiles in the parking area of the bus station, maintaining a N-S direction, and 19 profiles in the parking lounge of the Samaria Hotel in an E-W direction. Note that the orientation of the profile sets changed in order to increase their length and as a result the penetration depth. This method finally proved to be applicable despite the noisy environment, as the measurements were contacted during a period of intensive passenger activity.
The logs from three geotechnical boreholes were also used for the calibration and interpretation of the resulting geoelectrical tomographies. The electrode spacing of the measurements acquired in the bus station and the parking area of the Samaria Hotel was set equal to 1 m and 0.25 m, respectively, using 2 m cross-line spacing between the profiles in the bus station and an expected maximum penetration depth of approximately 8 m. This depth of investigation can be considered satisfactory for exploring any possible near-surface geotechnical and constructional problem.
In most of the electrode places, it was necessary to make a drill hole with a gimlet, in order to access the ground, since the surface was covered with tarmac, concrete or gravel.
The resistivity tomography data were processed and inverted using the commercial packages RES2DINV (Loke 1997) and RES3DINV (Loke and Barker 1996a) . These programs use an implementation of the smoothnessconstrained least-square method (Sasaki 1989 ) based on the Gauss-Newton optimization technique. The 2D and 3D electrical signals were recorded and the final subsurface images were extracted during the inversion procedure.
Each resistivity tomography was processed independently. Identical inversion parameters were used to process all the tomographies in order to reduce, as much as possible, the variable misfit that each tomography would result in. The good quality of the collected data resulted in relatively low RMS errors for the inverted resistivity sections (below 8%).
The geoelectrical measurements were separated into three groups. The first group covers the northern part of the parking area of the bus station and consists of 30 geoelectrical profiles. The second group covers the southern part of the parking area of the bus station and consists of 35 geoelectrical profiles while the third group covers the parking area of the Samaria Hotel with 19 geoelectrical profiles. The independent geoelectrical profiles of each group (as mentioned above) were afterwards combined into a single data set and the commercial software RES3DINV (Loke and Barker 1996a) was used to produce the horizontal depth slices for the entire area. The goodness of fit is expressed in term of the RMS error. The inversion process converged to an acceptable solution after a maximum of 10 iterations, while the resulting model had an RMS error ranging from 5% to 17% showing the high quality of the acquired data.
The presentation of the final modeling results was made by means of plan-view images of the spatial distribution of the site's apparent resistivity based on the analysis of the collected and processed data.
In order to identify and correlate the resulted apparent resistivities with underground structures, all the boring logs and available historical bibliographic reports data were used.
3D-inversion and geoelectrical modeling
The dipole-dipole electrical resistivity pseudosection data were collected along the geoelectrical profiles and were inverted (applying the robust inversion method) by using the 3D commercial inversion software RES3DINV (Loke and Barker 1996a) . At this point it should be mentioned that the red (hot) colours represent high resistivity anomalies while the blue (cold) colours represent low resistivity anomalies.
The two upper (shallow) slices (see figures 3(a), (b)) indicate intense variations in resistivity values (7 to 700 -m) caused by inhomogeneity of the shallow fill stratum composed of high resistivity sand with gravel (red colours) and occasionally by low resistivity saturated sandy clay (blue colours). Despite the general conclusions regarding the resistivity of the filling materials two anomalies were located in slides 3(a) and 3(b), associated with the existence of underground constructions. Anomaly A is located within the limits of the chimney foundation and anomaly B at the location of the underground oil storing tank. In those structures, although they are filled with the filling materials of the shallow stratum, the trapped water or the saturated clay materials give low resistivity readings.
Anomaly A keeps on appearing until a depth of 4.8 m (slides 3(c)-3(h)). Although the foundation depth of the chimney was reported to be 3 to 3.5 m, is assumed that the low resistivity anomaly extends to deeper slices because of the saturation of the consolidated foundation formation. To be more precise, the excessive loads of the chimney, exceeding the geostatic loads, caused the consolidation of the compactable loose Pliocene foundation formation. The consolidation may have caused the reduction of the active pores and the permeability of the formations (Terzaghi 1943 (Terzaghi , 1960 . Thus, the consolidated formation is able to trap the percolated rain water and remain saturated thus providing low resistivity readings. Furthermore, in slices 3(e) and 3(f)-depths 1.75 to 2.36 and 2.36 to 3.06-a high resistivity anomaly attached to the chimney outline was located. This anomaly could possibly be caused by the existence of underground shallow pipes connecting the factory infrastructures with the chimney, known to be there (after personal communication with the construction engineer, TOCP 1964).
Respectively, anomaly B keeps on appearing until a depth of 2.36 m (slides 3(c)-3(f). Although, the bottom of the tank is located at the depth of 1.75 to 2 m (slide 3(d)), the continuation of the anomaly for about half a metre refers to the consolidated zone. The narrow (about 0.5 m) and lightly consolidated high resistivity zone led to the assumption that the storage tank was rarely used and the applied loads were generally low. This conclusion is supported by old employees of the factory and by the supervising engineer of the construction, who characterized the tank as a rarely used backup oil storage container.
In trying to collect all the available information about the area under investigation, a photograph taken in the mid 1970s, presenting a part of the study area, was found (figure 4). This photograph was taken from the roof of the Samaria Hotel presenting the parking area of the hotel occupied at that moment by the eastern part of the factory's southern block of buildings. This photo suggests that anomaly B might be related to the buried remains of the underground tank located at the perimeter of the old factory buildings. Furthermore, civil engineers who worked for the foundation and construction of the oil industry confirmed that the foundation of the tank (figure 4) was about 1.50 to 2.00 m below the surface which is in agreement with the resulting final tomographic images (figures 3(a)-(e)).
One of the strongest anomalies is C detected from slice 3(c) (depth 0.75 m) to slice 3(j ) (depth 7.11 m). According to the collected information about the former use of the area, in that location an underground storage place existed. This tank was used for the segregation and the deposition of the dregs from the olive oil and was founded 3 to 4 m under the surface. As presented in figures 2 and 3 the main section of the tank was located under the northern block of the factory buildings. It is assumed that the round gate (figure 4) related to light anomaly G ( figure 3(h) ) was an access gate to this tank. Anomaly C is characterized by low resistivity which can be attributed to the saturated earthfill materials. It is assumed that the low resistivity readings extended below the foundation level because of the saturation of the consolidated formation. Just like in the chimney anomaly, the excessive loads of the tank and the overlaid buildings, exceeding the geostatic loads, caused the consolidation of the compactable loose Pliocene foundation formation, the reduction of the active pores and the permeability of the formations. So, the consolidated formation could remain saturated by the trapped percolated rain water or additionally by the uplifted underground water, by means of the capillary phenomenon, providing low resistivity readings. Note that the shape of the anomaly points to the depth of the tank because the anomaly under the foundation follows the outline of the consolidated zone and as a result the outline of the tank. So the depth of the foundation level of the tank, by evaluating the geoelectrical profiles, is estimated to be 3.5 m. Anomalies D, E, F and H compose a very interesting set of high resistivity readings. The structures depicted are clearly present in depths below 4.8 m (slides 3(i) and 3(j )) but some high resistivity readings related to them are visible from the depth of 1.75 m (slides 3(d)-3(h)). Those anomalies could belong to an underground draining network-Qanatconstructed in the past to provide drinking water to the nearby castle of Chania (as presented in figure 1(a) , the castle, surrounded by the thick dashed line, is located about 100 m away from the study area). Similar networks were located in several places in Greece, such as in Heraklion Castle, also in Crete.
Those drainage tunnels were constructed from the surface by using a dense net of wells and they were supported by dry stone walls (Vavliakis 1989 , Crouch 1993 , Showleh 2007 . The walls allow the percolating rain water to enter the tunnel. The infiltrated water gets collected into an open channel crossing the tunnel floor and ends up in one or more artificial springs distributed into the castle. After the completion of the structure, the access wells were covered with soil materials in order to prevent sabotage of the water supply network.
It is assumed that those shallow structures could justify the high resistivity readings in depths below 4.8 m. Also the construction technique, as well as the piping phenomena related to those structures, can justify the high resistivity readings in smaller depths. To be more precise, the refilled access wells with rough soil materials and the pipes undercut by the infiltrated water erosion can provide the necessary voids for the production of the high resistivity anomalies.
The hypothesis relating those anomalies to an underground drainage network is supported by the existence of a preserved access gate to an underground unidentified construction within the limits of the bus station parking area. This entrance is located in the position shown by the solid black circle in figure 3(j ). Furthermore this hypothesis can be supported by the fact that the low permeability of the water-carrier formations and the abutting of the castle with the coastline makes the use of wells for covering the castle drinking water ineffective. Such wells can provide low quantities of probably semi-saline water. Reviewing the ancient techniques applied in those cases, the construction of an underground drainage network was probably one of the best solutions. The existence of those tunnels in Chania was also confirmed by archaeologists (personal communication with Dr Andrianakis).
According to their reports during excavations, a network of micro tunnels was found between depths of 5 and 7.5 m. Based on those reports, the depiction of these tunnels in smaller depths/slices can also be caused by the fact that in several sections of the tunnels the roofs were collapsed.
Summary and conclusions
In conclusion, after the final processing and interpretation of the geoelectrical profiles, eight areas of interest were recognized within the limits of the study area. Those anomalies were analysed and interpreted combining the resistivity readings with the geotechnical data and the available historical reports.
The knowledge of the existence of all those structures and especially of the underground drainage networks are important parameters for the design of any future construction. Although the majority of the factory low depth remains can be avoided by excavating to a depth up to 6 m (the typical excavation depth for the construction of a two level basement), the presence of an underground drainage network should be considered before any future construction. The overloading of the tunnels can possibly damage them and the differential settlements caused by that phenomenon could deform the overlaid constructions severely. This problem can be solved only in cooperation with the archaeological department. If those tunnels must be preserved then the only safe way to found a new construction is to determine their precise location and to by-pass them without damaging them, e.g. by applying pile foundations. Otherwise, the tunnels must be dug out and the foundation level must be adjusted, respectively.
Current work shows that modern non-destructive methods, such as ERT, combined with geotechnical investigation methods could significantly help to overcome constructional problems arising from subsurface structural inhomogeneity. For the completion of this work, seven days of fieldwork were needed and the total CPU time for the inversion (2D and 3D modeling) of all the data was 3 hours on an INTEL PC workstation. Besides the localization of ancient remains; active faults, failure surfaces, underground cavities, lateral transition of geological formations and underground flows can be located providing solutions to severe construction problems. The contribution of those combined techniques can become essential for preventing construction failures, improving the timetable of the project and finally reducing the construction cost.
